Due to the demand for a new environmentally friendly silver front conductive paste, it is imperative for silicon solar cells to use nontoxic lead-free glass frits. In the present paper, three kinds of Bi-Te-B-Si-P-O lead-free glass frits with different mass fraction ratios of B 2 O 3 /SiO 2 (10/4, 6/8, and 2/12) were prepared by a melt cooling route. First, we investigated that the effect of those B 2 O 3 /SiO 2 ratios on the transition temperature (T g ) of glass frits, and their T g were 311 C, 347 C, and 366 C, respectively. Then, the influence of T g on cross-sectional microstructures of the front-silver electrodes, the Ag crystallites distribution on Si substrate, and electrical performance were studied. The fabricated solar cell showed the lowest series resistance (0.0017 U) and the highest photoelectric conversion efficiency (18.260%)
Introduction
Crystalline silicon solar cells have attracted remarkable attention in recent years as a promising renewable clean energy source because of their high photoelectric conversion efficiency and dependable mass production. [1] [2] [3] In the industrialization of high yield production, the front-side silver conductive thick lms are achieved by screen printing which is a low cost and time-effective option compared with other metallization techniques and rapid thermal processing. [4] [5] [6] [7] Generally, the main constituents of silver conductive paste are as follows: silver powders, glass frits, and resin binder. [8] [9] [10] Optimizing the glass frits of the Ag paste can help achieve good-quality thick-lm ohmic contacts.
11 During the rapid sintering of the Ag paste, the glass frit merely holds 2-5 wt% as a binder and has a signicant effect on the front-side metallization contact formation and forming an electrical contact between the Ag electrode and Si wafer. Through corrupting antireection coating (ARC) on the surface of the Si wafer, Ag crystallites will grow on the silicon emitter surface. What is more, glass frit is crucial for the adhesion strength of Ag electrode to Si wafer and total resistance of the electrode.
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Currently, Pb-based glass is almost widely used to the industry on account of excellent electrical and mechanical properties. However, the use of lead is harmful to people health and the environment. With the attention to environmental pollution and global climate change, the preparation and research of the lead-free silver paste had attracted wide attention. In previous studies, the use of lead-free glass frit in Ag paste has been investigated. [18] [19] [20] [21] [22] Jeon et al. 23 reported the inuence of particle size of lead-free glass frit in the front contact paste on the conversion efficiency of silicon solar cell. When the glass frit with a small mean particle size was used, the silver paste had a higher FF and E ff . Kim et al. 24 prepared the BiZn-Si-B-Al-Ca-O glass frit with spherical shape and submicron size, obtained glass frit improve the sintering characteristics of the silver powders at 700 C to form the silver conducting lm with dense structure and high adhesion strength to the Si substrate. Che et al. 2 reported that nanosized glass frit powders showed an excellent wetting behavior and etching effects on SiN x coating and silicon compared to micrometer-sized frits. There was a glass layer at the interface between the Ag grids and Si emitter for Pb-or Bi-based glass, however, Jiang et al. 25 developed a new Pb-free Ag paste with a SnO-P 2 O 5 glass frit that revealed no glass layer at the interface between the Ag grids and Si emitter for front contact electrodes of crystalline silicon solar cells. So far, the actual electrical contact formation pathway remained barely understood, Fields J. D. et al. 26 believed that achieving optimal ring conditions to minimize contact resistance, and to develop new pastes with alternative materials (that is, earth-abundant and non-toxic), required a detailed understanding of the contact formation process by situ X-ray diffraction (XRD). The T g of the glass frit is one of the most signicant properties that determine the glass behavior. Therefore, it is essential to prepare the glass frit with appropriate T g for front contact silver paste to obtain good ohmic contact.
In order to better understand the function of T g of the glass frit, we focused on the preparation of three lead-free glass frits with different T g by changing B 2 O 3 /SiO 2 mass fraction ratios to understand how to form better contact quality. The surface morphology of the shattered glass frit, the cross-sectional microstructures of the front-silver electrodes and the Ag crystallites distribution on Si substrate were observed by SEM, the size and quantity of Ag crystallites were affected by T g , which inuenced the quality of interfacial structure and the electrical performance of silicon solar cell. Finally, a simple schematic, which explained the size of Ag crystallites and the dissolution of silver particles, was designed based on nal results.
Experimental

Materials
All the raw materials used for the preparation of glass frit were shown below, Bi 2 O 3 ($99.5%, Zhengzhou PainI), TeO 2 ($99.0%, Tianjin Yaohua), HBO 3 ($99.5%, Tianjin Fuchen), SiO 2 ($99.9%, Sinopharm Chemical Reagent Co., Ltd) and P 2 O 5 ($98.0%, Tianjin Kermel Chemical Reagent Co., Ltd.), the Pbbased glass frit have been purchased from Korea.
Preparation of glass frit powders
The compositions of Bi-Te-B-Si-P-O glass frit with different B 2 O 3 /SiO 2 mass fraction ratios were shown in Table 1 . Bi-Te-BSi-P-O glass frit for the front contact paste in polycrystalline silicon solar cells were prepared by melt cooling route. All metallic oxides were mixed uniformly in an agate mortar for 30 min, then were heated at 1200 C for 30 min at this temperature in an aluminum crucible at a heating rate of 10 C min À1 in a muffle furnace. The melt was cooled quickly to room temperature by pouring the melt into the deionized water. Subsequently, the Bi-Te-B-Si-P-O glass frits with D 50 of 0.5-2 mm were obtained prior to further use regardless of the glass composition by using a air pulverizer (Mianyang Liuneng Powder Equipment Co., Ltd., SB100A/20A, China). The average particle sizes and size distributions were measured using a laser size distribution analyzer (BT-9300-H, Dandong City Baxter Instrument Co., Ltd.). These three kinds of glass frits were named as GF-1, GF-2, and GF-3, respectively.
Preparation of organic vehicle
The uniform stoichiometric mixed solvents that butyl carbitol, terpineol, N-butyl butyrate and tributyl citrate were added into a three-necked ask. Then a certain quality of thickener (EC), thixotropic agents, surfactant (sorbitan trioleate), and bonding agent (silane coupling agent KH-570) were added sequentially. The materials were mechanically stirred around 90-110 C in a oil bath with stirring for 2 h and then cooled naturally to room temperature aer complete reaction.
Preparation of glass paste
The glass paste was prepared to observe the wetting behavior and etching effect of the glass frit on ARC and the reaction with silicon wafer. Subsequently, by mixing 83 wt% the as-prepared glass frit powders and 17 wt% organic vehicle to prepare test paste. Then the glass paste was deposited on silicon substrate with ARC by screen printing. Next the sample was red in a tube furnace at 800 C for 10 min.
Screen printing Ag paste
In this experiment, optimum particle size of silver (purchased from Xi'an Jingsheng Light Technology Co., Ltd., China), Bi-Te-B-Si-P-O glass frit, and the organic vehicle were homogeneously mixed to prepare silver paste. The semi-nished product went through three-roll grinding machine (Puhler, PTR65C) for several times with the shear gap parameters varied from large to small. Different Ag pastes with different glass frits were prepared (denoted as PS1, PS2, and PS3). For comparison, an additional reference silver paste was prepared by mixing the same silver particles, classical Pb-based glass frit and same organic vehicle, denoted as PS4. Then paste was printed on a multi-crystalline Si wafers with area of 156 Â 156 mm 2 , thickness of 200 mm, and sheet resistivity of 80 U ,
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. The sizes of complex network meshes used were 360 meshes. The thickness of emulsion was 15 mm. The line-diameter and line-width of pattern was 16 mm, 36-38 mm, respectively. Subsequently, the wafers were dried in an oven at 100 C for 30 min, the printed paste was red in a tube furnace at 800 C at a belt speed of 235 inch per min, 5969 mm min À1 for 3 min to obtain the Ag electrode.
Measurements
The amorphous state of as-prepared glass frits were investigated with an X-ray diffractometer (XRD, D/Max-3C, Rigaku, Japan) using Cu K a radiation. The glass transition temperature (T g ) of different glass frit powers were recorded by a thermogravimetric analyzer and Differential Scanning Calorimeter (Netzch TGA/DSC) at the heating rate of 20 K min À1 . The infrared spectra were recorded with an FT-IR spectrometer (Nicolet NEXU S670). The surface morphologies of the shattered glass frit and the cross-sectional microstructures of the frontsilver electrodes were observed by scanning electron microscopy (SEM) (Quanta 400 FEG instrument, Oxford INCA 35 detector, 25 kV). The 3D morphology and aspect ratio of the electrode was measured by 3D digital microscope (QUESTAR, RH-2000). The photoelectric property of polycrystalline silicon solar cells were studied using an EKO I-V Tracer under standard testing condition (STC): solar radiation of 1000 W m À2 at 25 C.
Chemical etching was used to obtain the surface morphology of the cells, which usually included two steps: (a) aqua regia (HCl 32% + HNO 3 65%, 3 : 1, t ¼ 1 h) etches the silver from the nger bulk; (b) 3% HF solution (t ¼ 10 min) etches the glass layer at room temperature, leaving the Ag-crystallites grown in the emitter.
Results and discussion
The morphology and microstructure Bi-Te-B-Si-P-O glass frit Bi-Te-B-Si-P-O glass frits were prepared by melt cooling route. As shown in Fig. 1a-d , all metallic oxides were mixed uniformly (1a), melted (1b), quenched (1c) and shattered (1d). Fig. 1e showed the morphology of the glass frit. In order to study the microstructure, the XRD patterns of the Bi-Te-B-Si-P-O glass frit powders were exhibited in Fig. 2 . As can be seen from the gure, without any sharp peaks, only broad peak can be found at around 28 , which indicated that glass frit powders were amorphous, without crystal precipitation.
The structure analysis and thermal properties of Bi-Te-B-Si-P-O glass frit
The glass frit IR spectra were shown in Fig. 3 . Although B 2 O 3 has subtle changes, the samples showed analogical absorption bands. The vibration types of the investigated glasses were summarized in 
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The DSC curves of GF-1, GF-2, and GF-3 samples were showed in Fig. 4 . The onset point of the rst large peak represented the T g of glass frit, which were summarized in Table 1 . The range of T g for glass frits was changed from 311 C to 366 C by decreasing the content of B 2 O 3 . The data in Table 1 and Fig. 3 show that, by changing B 2 O 3 /SiO 2 ratio, the T g of glass frit gradually increased as decreasing the content of B 2 O 3 . The major reason is that, with increasing the content of B 2 O 3 , [BO 3 ] gradually was replaced. As [BO 3 ] has relatively poor stability, it is easy to be destroyed, which caused the reduction of the T g of the glass frits. However, expansion coefficient of the glass frit will increase with B 2 O 3 massive introduction, which lead to not matching with expansion coefficient of the wafer and wafer burst ultimately.
The effect of properties of glass frit on etching ARC and Si substrate
The cross-section SEM images of the glass ngers deposited by screen printing on silicon wafer with SiN x coating are shown in Fig. 5 (denoted as GP1, GP2, and GP3). During the rapid sintering of the glass paste, the glass frit begin getting uid phase to wet and corrupt ARC on the surface of the Si wafer, then a few pores and small precipitates were observed in Fig. 5 , followed by etching on silicon wafer, which indicated that the glass frit showed excellent wetting behavior and etching effect on SiN x coating and silicon substrate. The small precipitates should be Bi and few pores should generate N 2 , which can be explained by the following deduced redox reactions 2, 7 : 2Bi 2 O 3-glass + 3SiN x / 4Bi + 3SiO 2 + 3x/2N 2 (1)
As showed in Fig. 5 , many large precipitates and pores could be observed in glass paste (Fig. 5a) , probably due to the higher content of B 2 O 3 , during sintering, the viscosity of glass frit with lower T g decreases dramatically, which reacted with SiN x coating and silicon substrate for a very long time, contributing to the formation of large pores. A few holes could be noticed using the GF-3 sample (Fig. 5c) , as T g of GF-3 was higher, the glass frit not easily wetted SiN x coating, as a result, the glass frit not corrupt SiN x coating completely, which in turn lead to poor contact with Si substrate. The glass frit using the GF-2 sample with moderate T g (Fig. 5b) relatively glossy and denser. Finally, the glass frit etched the SiN x layer and formed compact contact with Si substrate. In summary, the content of B 2 O 3 affected the T g of glass frit, and then inuence on etching SiN x coating and Si substrate.
The effect of the T g on the morphology of Ag electrode
The T g of the glass frit is crucial for the contact ohmicity of the thick-lm Ag grid. Fig. 6 shows the surface morphology and cross-sectional SEM images of three silver electrode aer ring to further understand the effect of T g on the contact formation using GF-1, GF-2 and GF-3, respectively (denoted as SP1, SP2 and SP3). During fast sintering stage, lower T g of the lead-free glass powder could be melted in a short time, liquid glass powder along the gap between the silver ow to the silicon surface to play the role of corroding anti-reective lm, result in formation of many holes (Fig. 6a) . However, the lead-free glass powder do not completely melt with higher T g , silver particles could not well-distributed and silver particles are still very obvious (Fig. 6c) . In comparison to the SP2 paste (Fig. 6b) , the surface morphology of silver electrode aer ring is relatively compact and denser. Therefore, as an inorganic binder, the T g of the glass frit affects largely the sintering quality of silver metal electrode and the metallization of contact formation.
Through the observation of cross-section images (d, e and f), in the SEM image (Fig. 6d) , the glass frit with lower T g generally results in a thicker glass layer between the Ag bulk of the grid and the Si emitter, which could cause higher contact resistance. SEM image (Fig. 6f) shows that the bulk of the Ag grid and the Si emitter surface are separated by a thinner glass layer. Nevertheless, the high T g glass frits can not easily wetted SiN x coating and have insufficient time to wet the Si surface because of the quite short time of during fast sintering stage, which causes eqn (1) and (2) can not timely reaction, because the sinter temperature must be high adequately to melt the glass frit during the ring cycle. SEM image (Fig. 6e) shows uniform and quasicontinuous glass layer. The thickness of glass layer should be suitable for the derivation of photoelectrons with enough energy, which leads to tunneling effect. 34 Therefore, the solar cells could achieve good ohmic contact and a lower contact resistance.
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The effect of the T g on Ag crystallites grown Si substrate
The effects of the T g on the Ag crystallites distribution in the glass layer and Si substrate were investigated and explored. As shown in Fig. 7 , the glass frit and Ag bulks were selectively etched-off before taking the images using a sequence of aqua regia for etching the Ag bulks, followed by 3% HF solution for etching the glass frit to expose the Ag particles and Ag crystallites in the Si substrate. The dissolved Ag in the glass layer was deposited on the silicon surface, during cooling, Ag crystallites were formed on the Si substrate surface. Fig. 7 shows that the glass frit with lower T g (Fig. 7a) led to larger and more frequent distribution of Ag crystallites compared with the glass frit with higher T g (Fig. 7c) . The glass frit with lower T g earlier started to ow during the ring cycle, which allows the glass to interact with the Ag particles for a longer time during ring, resulting in dissolving more Ag particles before completely sintering. Dissolved Ag particles would preferentially nucleate into Ag crystallites, which would possibly break-down the p-n junction and lead to lower electric properties, 37 however, Ag particles (Fig. 7c ) did not have sufficient time for nucleation. In comparison to Fig. 7b , Ag crystallites on the Si substrate surface were uniform and moderate size. In addition, more homogeneous Ag crystallites on the silicon surface could help in forming good ohmic contacts. A simple schematic illustration for the formation was given in Fig. 8 .
The electrical performance parameters of solar cells that have been printed using silver pastes of PS1, PS2, PS3 and PS4 (denoted as SC1, SC2, SC3 and SC4) were shown in Table 3 . The fabricated solar cell (SC2) based on the GF-2 glass frit (T g ¼ 347 C)
provided with the highest conversion efficiency and FF, in summary, which could be lead to the T g of glass frit, attributing to the effect on the front metallization contact of thick-lm metal grid. Therefore, the T g of glass frit is either too high or too low for the front contact paste of polycrystalline silicon solar cells, should be controlled in a optimum range. Besides, the fabricated solar cell (SC2) showed higher electrical conversion efficiency when compared with SC4 using classical Pb-based glass frit, which could be explained by comparison of the series resistance (R s ). The lower conversion efficiency should be due to the poor R s . Owing to all other factors being equal except for the inorganic binder source, this degradation may due to the poor metallization contact. Therefore, the result indicated the designed lead-free glass frit could be a suitable substitute for Pb-based glass frit for preparing environmentally friendly frontside silver paste for crystalline silicon solar cells. These results are similar to the report by Che et al.
7 Fig. 9 shows microscopic pictures of a conductive silver line printed on a textured multicrystalline silicon surface using the GF-2 glass frit. As can be seen from the graph, the front electrode grid line smooth and homogeneous, in addition, which showed a appropriate 3D morphology and aspect ratio. 
Conclusions
An environmentally friendly Bi-Te-B-Si-P-O lead-free glass frit with different transition temperature (T g ) by changing B 2 O 3 / SiO 2 mass fraction ratios for the front contact paste in polycrystalline silicon solar cells were prepared by melt cooling route. The T g of the glass frit is one of the most signicant properties that determine the glass behavior, which would effect on the Ag-Si contact of thick-lm silver grid. The crosssectional microstructures of the front-silver electrodes and the Ag crystallites distribution on Si substrate were observed by SEM, through SEM observations, the glass frit with appropriate T g (347 C) could control the growth and homogeneous distribution of silver crystallites in the glass layer and silicon substrate, which contributed to form good ohmic contacts and tunneling effect with enough energy photoelectrons. Therefore, the T g of glass frit is either too high or too low for the front contact paste of polycrystalline silicon solar cells, should be controlled in a optimum range. Through screen printing technology, which showed excellent aspect ratio by 3D digital microscope with GF-2 glass frit. The fabricated solar cell (SC2) based on the GF-2 glass frit (T g ¼ 347 C) provided with the highest conversion efficiency (18.260%) and the lowest series resistance (0.0017 U). The result was compared with the solar cell fabricated with classical Pb-based glass frit with the conversion efficiency (18.230%) using the same device cong-uration, which indicated the designed lead-free glass frit could be a suitable substitute for Pb-based glass frit for preparing environmentally friendly front-side silver paste for crystalline silicon solar cells.
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